Chlamydia psittaci and C. gallinacea are obligate intracellular bacteria infecting poultry. We conducted a survey in two poultry slaughterhouses that were processing either exclusively ducks (A) or various poultry species except ducks (B). Cloacal swabs were collected from all incoming poultry flocks in the course of a week, and blood samples and pharyngeal swabs were taken from workers. Swabs were examined using PCR and sera were analyzed with two immunoassays. PCR testing revealed the presence of C. psittaci in 9/38 duck flocks and the complete absence of C. gallinacea in these flocks (slaughterhouse A), whereas 16/33 Chlamydiaceae-positive poultry flocks handled in slaughterhouse B harbored C. gallinacea only. In an episode of psittacosis in slaughterhouse A, where one PCR-positive worker presented clinical signs, seroconversions were detected in 10 workers. In contrast, serological responses of slaughterhouse B workers to C. psittaci were generally low. This is in line with the almost complete absence of C. psittaci in handled flocks, where in additional sampling campaigns the agent was detected only once in the course of a year. Our study indicates that C. psittaci has a certain preference for ducks, whereas C. gallinacea was the predominant chlamydial agent in chickens and guinea fowl flocks.
INTRODUCTION
Avian chlamydiosis is a zoonotic disease known for centuries and caused by Chlamydia psittaci, a small obligate intracellular bacterium. Widespread throughout the world, C. psittaci can infect more than 450 bird species from 30 different orders (Kaleta and Taday 2003) . In birds, clinical signs vary considerably in severity and depend on the species and age of the bird, as well as the infecting strain involved. However, most C. psittaci infections remain asymptomatic.
Avian strains of C. psittaci are currently divided into 15 outer membrane protein A (OmpA) genotypes (Sachse et al., 2009) , each one tending to be associated with certain species of birds. The main genotypes encountered in birds are designated by the letters A to F. Genotype A is usually found in psittacine birds, genotype B is most often associated with pigeons, but has also been reported in psittacines and turkeys, genotype C occurs in ducks and geese, genotype D has primarily been isolated from turkeys, genotype E occurs in pigeons and has also been isolated from sick ratites, ducks and turkeys, genotype F has been found in one turkey and a psittacine bird and genotype E/B has been reported in ducks, turkeys and pigeons.
Transmission to humans occurs through inhalation of aerosolized excretions (feces, ocular, nasal or respiratory secretions) (Smith et al., 2011) . The infection, named psittacosis in humans, can lead to flu-like symptoms, such as fever, cough or headache, as well as severe respiratory problems. If undiagnosed and untreated, mortality can be as high as 15% (CFSPH 2009) . Psittacosis is usually diagnosed using a combination of clinical signs and serology. The most commonly used criterion is a rising titer to C. psittaci in paired sera.
The risk of psittacosis is highest among individuals in direct contact with birds, e.g. poultry sector workers, veterinarians, pet shop employees and pet bird owners. Outbreaks of the disease are regularly reported (Tiong et al., 2007; Gaede et al., 2008; Petrovay and Balla 2008; Laroucau et al., 2009a; Rehn et al., 2013; Williams et al., 2013; Lagae et al., 2014) .
Until recently, C. psittaci was considered to be the sole causative agent of avian chlamydiosis, but new evidence suggests that more chlamydial agents may be involved as two more avian chlamydiae, C. avium and C. gallinacea , and one Candidatus taxon C. ibidis (Vorimore et al., 2013) were described. So far, C. avium has been encountered in pigeons and psittacine birds, whereas C. gallinacea has been most frequently found in chickens, guinea fowl and turkeys .
In France, duck-related cases of psittacosis are regularly reported, but severe or fatal cases are rare (Laroucau et al., 2009a; Belchior et al., 2011; Carlier et al., 2014) . The present study was prompted by two fatal cases among poultry slaughterhouse workers in 2008 and 2009 (Belchior et al., 2010) . One of the slaughterhouses processed exclusively ducks, whereas the other handled various bird species, but no ducks. In both cases, genotype E/B of C. psittaci, a duck-associated genotype commonly identified in French duck flocks, had been detected by DNA sequencing in human samples. To characterize the epidemiological situation prevailing in 2013, a systematic survey was conducted in both slaughterhouses with the aim of examining poultry birds for the presence of Chlamydiaceae, identify the chlamydial species involved and assess the exposure of personnel to C. psittaci using PCR and serological testing.
MATERIAL AND METHODS

Animals
Sampling
In February 2013, samples from all incoming flocks in two French slaughterhouses (A and B) were collected in the course of 1 week. In slaughterhouse B, additional rounds of sampling were conducted in November 2012, as well as in June and September 2013. Slaughterhouse A was handling only ducks, while B processed all types of poultry except ducks (chicken, turkey, guinea fowl, etc.) . From each flock, 15 animals were randomly selected and subjected to cloacal swabbing just after plucking. Swabs were sent to the laboratory and stored dry at −80
• C until processing.
Direct detection of Chlamydiaceae by real-time PCR
DNA extraction was performed on cloacal swabs using the QIAamp DNA Mini Kit (QIAGEN, Courtaboeuf, France). All DNA samples were analyzed as previously described using Chlamydiaceae-specific real-time PCR targeting the 23S rRNA gene (Ehricht et al., 2006) . All positive DNA samples were then tested with C. psittaci-specific real-time PCR targeting the incA gene (Menard et al., 2006) and with C. gallinacea-specific PCR targeting the 16S rRNA gene (Zocevic et al., 2012) . All samples with a quantification cycle (Cq) over 40 with the Chlamydiaceae PCR were considered as negatives. All flocks with at least one PCR-positive animal were classified as positives and those with at least 50% of positive animals and a mean Cq ≤ 35 were considered as moderately to highly positive flocks.
Partial sequencing of ompA and 16S rRNA gene loci
The ompA gene of C. psittaci-positive samples was amplified using CTU/CTL or Chomp191/371 primer sets as previously described (Laroucau et al., 2009b) .
All samples testing Chlamydiaceae PCR positive, but C. psittaci and C. gallinacea PCR negative were subjected to partial amplification of the 16S rRNA gene using primers 16S1 (5 -CGGATCCTGAGAATTTGATC-3 ) (Pudjiatmoko et al., 1997) and rp2 (5 -CTACCTTGTTACGACTTCAT-3 ) (Thomas, Casson and Greub 2006) . Sequencing of the PCR products was carried out at MWG (Biotech France, Roissy, France). The GenBank accession numbers are as follows: LN626319 to LN626326 for ompA sequences and LN651093 for the 16S rRNA sequence.
Humans
Sampling
A total of 60 workers took part in this study, 28 from slaughterhouse A and 32 from slaughterhouse B. All participants provided informed consent. Further details are presented in Table 1 . Participants provided a pharyngeal swab and a blood sample renewed after 30 days (D 0 and D 30 ). They also filled out a medical questionnaire giving years of experience, job activities, protective equipment worn, exposure to birds outside of their professional activities and possible history of psittacosis.
Direct detection of Chlamydia spp. from throat swabs DNA was extracted from pharyngeal swabs using the automated MagNA Pure DNA extraction kit (Roche Diagnostics, Meylan, France) ( De Martino et al., 2006 ). All samples were tested with Chlamydiaceae-specific and C. psittaci-specific real-time PCRs as described above.
Serology
Immunofluorescence: A commercial immunofluorescence test (Chlamydia MIF, Focus, Eurobio, France) was used for detection of specific antibodies. This assay measures responses to IgM and IgG subclasses. Each well contains four spots, one yolk sac control and three individual antigen spots consisting of elementary bodies of C. psittaci, C. trachomatis and C. pneumoniae suspended in a yolk sac matrix. Each run included a positive (murine serum) and negative (human serum) control. The reciprocal of the highest serum dilution giving apple-green fluorescence was defined as serum endpoint titer for IgG. For IgM, one dilution was tested (1/16), and the result was assessed qualitatively, i.e. positive or negative. A 4-fold IgG rise was considered as evidence of an active infection. Recombinant protein strip assay: Sera were also examined using the recomLine Chlamydia IgG strip assay (Mikrogen, Neuried, Germany), which carries purified recombinant antigens (MOMP, OMP2, TARP, CPAF, HSP60 and YwbM) of C. psittaci, C. trachomatis and C. pneumoniae. Analysis and interpretation were conducted as recommended by the manufacturer.
RESULTS
Examination of bird samples
In February 2013, a total of 38 flocks were sampled in slaughterhouse A in the course of 1 week, i.e. 23 flocks of fattening ducks and 15 flocks of thin ducks. The results of PCR testing are presented in Table 2 . In 23/38 flocks (15 fat duck flocks and 8 thin duck flocks), at least one animal per flock was tested positive by Chlamydiaceae-specific PCR. The number of positive animals in these flocks was generally low, and the samples exhibited Cq values below 35. All samples with sufficient chlamydial DNA concentration proved C. psittaci positive, except for samples from the two fattening duck flocks of 13-532/34 and 13-532/35. Indeed, these samples from the same farm were diagnosed as Chlamydiaceae positive, but C. psittaci and C. gallinacea negative. Sequencing of 16S rRNA of one sample from each of the two flocks produced identical results. However, the dendrogram in Fig. 1 shows the distant position of this sequence (13-532/34 O012) in comparison with representatives of the established Chlamydiaceae spp. A BLAST search revealed that the sequence is closely related (95% identity) to an atypical strain of Chlamydiaceae that was found in Glaucous-winged gulls (Larus glaucescens) (GenBank accession no. GU068510) (Christerson et al., 2010) .
In slaughterhouse B, all incoming poultry flocks on a given week were sampled quarterly for one year. Results are presented in Table 3 . In summary, 31-33 flocks were analyzed in each sampling period, of which 9-21 flocks tested positive for Chlamydiaceae, with 3-5 flocks identified as moderately to highly positive for C. gallinacea in each sampling period.
In February 2013, a total of 33 flocks were sampled that included 20 chicken flocks (among them 13 Chlamydiaceae positive), 8 guinea fowl (5 Chlamydiaceae positive), 1 turkey (Chlamydiaceae negative), 1 cock (Chlamydiaceae negative), 2 hen flocks (both Chlamydiaceae positive) and a mixed flock (Chlamydiaceae positive). All the samples containing sufficient amounts of chlamydial DNA tested C. gallinacea positive. Most of these flocks were classified as low positive, and only three qualified as moderately to highly positive.
Taking all four sampling periods together, a single flock (13-2812/30, in September 2013) was found to harbor C. psittaci, which was genotyped E/B subtype 06-859 (data not shown). In all other positive flocks, C. gallinacea turned out to be the sole chlamydial agent. Table 3 also shows the results of ompA genotyping of samples from seven positive poultry flocks. Partial ompA sequences were almost identical within flocks, but differed between flocks in all cases (sequences arbitrarily designed S1 to S8).
Examination of human samples
Pharyngeal swabs
Among the 28 workers of slaughterhouse A that were examined, only two were positive by PCR, both in the first sampling period (Table 4) . Pharyngeal swabs of all 32 workers of slaughterhouse B proved negative. The sample with the highest Chlamydiaceaespecific DNA content was from a 34-yr-old man (Id 13), who presented flu-like symptoms and had to be hospitalized. He had been hired less than a month before the time of sampling and was involved in different operations, such as hanging, plucking of carcasses as well as evisceration. In the swab sample, C. psittaci was clearly identified by real-time PCR, but there was not sufficient DNA to determine the ompA genotype. Also due to low DNA content, the other Chlamydiaceae-positive sample (Id 31, Cq 39) could not be further characterized using C. psittaci-specific PCR. This individual had no symptoms at the time of sampling and reported no history of psittacosis.
Sera
While during the first sampling period (D 0 ), none of the sera from slaughterhouse A were tested positive by immunofluorescence, positive responses against C. psittaci were observed for 10 persons 30 days later in the second sampling period at D 30 (Table 4) Dendrogram based on the analysis of the nearly complete 16S rRNA gene sequences (about 1410 nt) from 13-532/34 O012 and from the type strains of the eleven Chlamydiaceae species including C. avium and C. gallinacea. Sequence GU068510 is from a Glaucous-winged gull (Christerson et al., 2010) . The dendrogram was constructed by UPGMA method from a similarity matrix calculated by pairwise alignment. Branch quality was calculated by cophenetic correlation. Horizontal distances correspond to genetic distances expressed in percentage of sequence similarity.
All IgG-positive sera from immunofluorescence were retested using the recomLine Chlamydia strip immunoassay, which carries antigens of C. trachomatis, C. pneumoniae and C. psittaci. Results are presented in Table 4 . Similar results were observed between both sampling periods (D 0 and D 30 ). Results on slaughterhouse A sera obtained with recomLine Chlamydia did not strictly correlate to those from immunofluorescence. Indeed, only two clearly positive responses to C. psittaci were observed for two workers, whereas the most intense positive reactions were observed with C. pneumonia antigens. Among the workers of slaughterhouse B, only one worker (Id 54) showing a high immunofluorescence titer was diagnosed positive for C. psittaci with the recomLine test. For the other positives in IgG immunofluorescence, the readouts of the immunoassay strips gave a negative result for one worker (Id 45) and positive signals for C. pneumoniae and/or C. trachomatis for the four others.
DISCUSSION
The present study confirmed the emerging notion that epidemiology and etiology of avian chlamydiosis are more complex than previously conceived because, in addition to C. psittaci, more chlamydial agents are involved . While C. psittaci was mainly detected in duck flocks sampled in slaughterhouse A, there was a clear predominance of C. gallinacea in slaughterhouse B, where different poultry species except ducks were processed. The species of C. gallinacea was only recently added to the family Chlamydiaceae , with chicken and turkey assumed to be its preferential hosts. The findings of an investigation in four countries suggested that its prevalence could even surpass that of C. psittaci in poultry flocks. In our study, C. psittaci was only detected in one of the 129 non-duck flocks at one time point during the one-year sampling period, whereas C. gallinacea was highly prevalent in the majority of flocks at all time points. The present findings are in contrast to data reported from a study conducted in a Belgian slaughterhouse where more than 50% of the slaughtered chickens and turkeys were tested positive for C. psittaci by PCR and culture (Dickx et al., 2010) . Reports on outbreaks in chicken farms caused by C. psittaci or zoonotic transmissions ascribed to contact with C. psittaci-infected chickens are generally rare (Lagae et al., 2014; Laroucau et al., 2014) , whereas C. psittaci infections and sequelae in turkeys, ducks or mixed flocks have been reported more frequently (Hinton et al., 1993; Haas et al., 2007; Gaede et al., 2008; Laroucau et al., 2009a; Dickx et al., 2010; Dickx and Vanrompay 2011; Carlier et al., 2014) . Epidemiological data differ considerably between individual studies and countries. It is probable that environment and farming practices, including cleaning and disinfection procedures, have a strong impact on circulation and persistence of Chlamydiaceae on farms. Recently, an outbreak of psittacosis among women involved in plucking of chickens was reported in France. In view of the rare occurrence of C. psittaci in French chicken flocks as confirmed in this study and since a duck-associated genotype was identified in the C. psittaci-infected chickens, it was suggested that repeated grassland rotations between duck and chicken flocks on that farm could be an explanation for the presence of C. psittaci in those chickens .
In contrast, field studies in asymptomatic French duck flocks revealed widespread dissemination of C. psittaci (Léon et al., 2004; Vorimore et al., 2014) . Under free-range conditions, animals remain intermittent shedders most of the time. The intensity of shedding seems to decrease over time and become weaker prior to the time of slaughter (Vorimore et al., 2014) . However, the shedding can be affected by various factors, such as the time point of exposure to chlamydiae, the health status of animals and the use of antibiotics, which can delay or render undetectable any shedding. In the present study, none of the duck flocks was found to be highly infected by C. psittaci. Typically, only a few birds were PCR positive with low chlamydial loads, with the exception of two strongly positive flocks from the same farm (Table 2 ). The latter indicates that workers can be transiently exposed to high amounts of excreted chlamydiae, which may remain unnoticed in the absence of continuous chlamydia monitoring.
Interestingly, these two duck flocks harbored Chlamydiaceae, but neither C. psittaci nor C. gallinacea. Partial sequencing of the 16S rRNA gene revealed an atypical sequence not closely related to the established chlamydial species (Fig. 1) , but highly similar to a non-classified Chlamydiaceae spp. detected in common scoters (Christerson et al., 2010) . Contact between wild sea birds and mule ducks is possible in this case due to the proximity of farm and sea and since mule ducks are frequently bred in wet open ranges. Attempts to isolate the corresponding strain were unsuccessful, and additional samples taken 3 months later on the same farm and in two different duck flocks revealed only C. psittaci. Although exposure to C. psittaci in slaughterhouses appears to be generally low in view of the diagnostic data, clinical cases among workers are regularly occurring. In 2008 and 2009, C. psittaci genotype E/B was identified in both fatal human cases in slaughterhouses A and B. This genotype is frequently detected in French duck flocks and has been associated with human cases of psittacosis (Laroucau et al., 2009a; Carlier et al., 2014; Vorimore et al., 2014) . In slaughterhouse B, a unique and exceptional slaughter trial involving some ducks was conducted in 2008, before the onset of clinical signs in the fatal case. Human infection probably occurred during the handling of these ducks. But, on the other hand, identification of a C. psittaci-positive chicken flock in this study as well as in a recent psittacosis outbreak suggests that this source should also be taken into account, even though the chicken is not a typical host of C. psittaci.
The diagnostic data obtained from staff of both slaughterhouses reflect the differences in exposure to chlamydial agents (Table 4) . While in slaughterhouse A 6/11 individuals had elevated IgG titers for C. psittaci by immunofluorescence, with two of them having specific antibodies to C. psittaci (plus three with borderline titers) using the recomLine, and with two other workers shown to be carriers (one of them showing flu-like symptoms), the situation in the other slaughterhouse was different. The fact that only one of six workers was seropositive and no carrier was identified is in line with the preponderant absence of C. psittaci (minor exception see above), which we attribute to the handling of fowl-like birds and the absence of ducks in slaughterhouse B. Compared to the study by Dickx et al. (2010) , we found a lower proportion of seropositive and/or PCR-positive workers, which we think is due to the lower prevalence of C. psittaci infection in the flocks of the present study. IgM (1) IgG (2) IgM (1) IgG ( The recent description of C. gallinacea in poultry has raised the question of its etiological role and possible zoonotic potential. This study confirmed the high prevalence of C. gallinacea in fowl-like birds, such as chicken, guinea fowl and turkey. However, the lack of specific serological tools precluded the identification of any humoral immune response to this agent. We, therefore, emphasize the necessity to develop new species-specific serological assays for all Chlamydia spp. because these tests will be required to successfully address the unresolved issues.
Concerning occupational safety, regardless of the Chlamydiaceae species involved, slaughterhouse workers should take appropriate precautionary measures, i.e. wear masks and gloves when handling poultry, and inform their doctor of any previous contact with birds when flu-like symptoms appear. However, there is no guaranteed protection. In the slaughterhouses examined here, extractor fans were installed and protective equipment was made available to staff after the two fatal cases in [2008] [2009] . Nevertheless, the identification of an ongoing case of psittacosis during this study suggests that those measures have not been sufficient. Asymptomatic C. psittaci infection is highly prevalent in duck flocks (Vorimore et al., 2014) . Since protective equipment is sometimes poorly tolerated by workers, particularly at work stations that require high physical activity, reducing excretion levels of birds might be a useful additional measure. Any change in workflow should be critically examined for its impact on pathogen transmission pathways. Avian chlamydiosis is an invisible disease, generally perceived as controllable, but its consequences can be severe.
